In YMn 2 O 5 , the Mn atoms occupy two nonequivalent Wyckoff sites within the unit cell exhibiting different oxygen coordinations, i.e., the system can be characterized as a mixed-valence compound. For the formation of the orthorhombic crystal structure, Jahn-Teller distortions are assumed to play an important role. In this study, we aimed at the investigation of the crystal structure changes upon the substitution of Mn by the non-JahnTeller cation Fe 3+ . Therefore, we synthesized a series of YMn 2−x Fe x O 5 powder samples with x = 0, 0.5, and 1 by a citrate technique. We utilized extended x-ray absorption fine structure ͑EXAFS͒ and x-ray absorption near-edge structure ͑XANES͒ analysis as well as density-functional theory ͑DFT͒ to investigate the two nonequivalent Wyckoff sites within the orthorhombic crystal structure ͑confirmed for all compositions͒ occupied by transition-metal atoms. For quantitative determination of structural short-range order, all plausible options of substitution of Fe for Mn are discussed. On the basis of these evaluations, the EXAFS and XANES behavior is analyzed and appropriate crystallographic weights are assigned to the subset of structural models in accordance with the experimental data. From EXAFS analysis, using multiple-scattering theory, we conclude only the 4h Wyckoff site to be occupied by Fe ͓occupancy refined is ͑100Ϯ 3͒% in case of x =1͔. Furthermore, taking the XANES spectra into account, we are able to verify the EXAFS results and additionally explain the differences in the Mn K XANES spectra in dependence on x to be caused by changes in the dipole transitions to 4p final states. From quantitative pre-edge analysis an oxidation number of +4 for the Mn atom for x =1 is determined whereas the Fe valence is shown to be unchanged. Since the substitution process only involves one Wyckoff site, the experimentally observed limit to a maximum amount of x = 1 is explained. Additionally, a possible disorder, discussed in the literature, is not proven for our samples. With DFT calculations, the experimental findings are verified on the basis of the total energy of the different possible electronic configurations. Crystal-field effects are identified to be responsible for the site-selective substitution of Fe for Mn.
I. INTRODUCTION
During the last decade, extensive scientific research has focused on ferroelectric, ferromagnetic, and ferroelastic materials. 1 Their ferroic properties arise from a spontaneous long-range ordering of, for instance, electric dipoles, magnetic moments, or strained orientational domains. Important characteristics of these materials are, e.g., piezoelectricity or pyroelectricity or giant magnetoresistance. The simultaneous presence of two or more ferroic properties is discussed in terms of multiferroicity.
The fundamental material requirements for the coexistence of multiple ferroic properties have been investigated by various theoretical and experimental approaches. [2] [3] [4] [5] As they have to simultaneously meet all criteria specific for each single ferroic property, issues concerning the strength and coupling of the diverse functionalities have been in the very focus of recent studies ͑see, e.g., the recent collection of review articles in Ref. 6 or Ref. 7͒ .
If these properties are coupled, a large diversity of upcoming applications, e.g., microelectromechanical systems, magnetoelectric transducers, microwave electronics, ferroelectric field-effect transistors as well as data storage and random access memory devices is possible. 1, [8] [9] [10] Among these applications, ABO 3 oxides ͑A: alkaline-earth metal and B: transition metal͒ with the perovskite type of structure CaTiO 3 ͓e.g., BaTiO 3 ͑Ref. 11͒ and SrTiO 3 ͑Ref. 12͔͒, structurally related Ruddlesden-Popper 13 and Aurivillius phases as well as hexagonal manganites with the LuTiO 3 type of structure ͑RMnO 3 with R: rare earth͒ and others have great importance due to their comparably straightforward synthesis and controllable diverse properties. 9 Another interesting series of mixed-valence manganites with the DyMn 2 O 5 type of structure, orthorhombic RMn 2 O 5 , is in the focus of current research due to the occurrence of antiferromagnetic ordering as well as ferroelectric phase transitions at low temperatures. A significant magnetoferroelectric effect, implying a coupling between ferroelectricity and magnetic ordering, has been observed 7, [14] [15] [16] [17] [18] [19] [20] [21] [22] and is typical for these substances. 23 This suggests the possibility to control the electric polarization by an external magnetic field giving rise to parts of the above-mentioned applications.
In particular, the compound YMn 2 O 5 exhibits a strong magnetoelectric coupling. Since the Y atom has a magnetic moment of zero, the magnetism arises from ordering of Mn magnetic moments only. It is known that the physical prop-erties of such systems can be influenced by substitution of rare-earth or transition-metal atoms. The magnetic properties of YMn 2 O 5 , for instance, can be altered by substitution of Y with a magnetic rare-earth atom ͑RMn 2 O 5 with R = Tb, Er, and Ho͒ 17, 24, 25 or by substitution of Mn with a different transition metal TM ͓e.g., TM =Fe ͑Ref. 26͒ and Ga ͑Ref. 27͔͒. YMn 2 O 5 shows an antiferromagnetic noncollinear ordering of the atomic magnetic moments below a Néel temperature of T N =45 K. 28 Substituting a part of Mn with Fe ͑YMnFeO 5 ͒ results in two antiferromagnetically coupled sublattices. 29 The magnetic moments in each of the sublattices ͑formal Mn 4+ and Fe 3+ ͒ are coupled ferromagnetically. Hence, a global ferrimagnetic structure arises, which was observed below a transition temperature of T N = 165 K. 29 Thus, alloying of Fe enables the materials electric properties to be influenced by an external magnetic field.
Considering the system YMn 2−x Fe x O 5 , the exact position of Fe atoms within the unit cell is desired to understand and to theoretically model the influence of Fe substitution on the crystal structure and the physical properties ͑e.g., magnetic ordering͒. Although chemical considerations suggest that Fe favors the Fe 3+ state and thus a pyramidal coordination with oxygen, Muñoz et al. 29 reported a certain level of Fe/Mn disorder ͑mixed occupancy of the TM Wyckoff sites͒ within their specimen. From neutron powder diffraction ͑NPD͒ data, these authors concluded that about 5% of octahedrally coordinated Fe exists. Also for the compound YMnGaO 5 de la Calle et al. 27 reported a mixed occupancy of the TM sites ͑3% of Mn 4f positions were occupied by Ga and 26% of Ga 4h positions were occupied by Mn͒ using NPD analysis.
The composition of the YMn 2 O 5 compound suggests formally multivalent Mn ions ͑YMn 4+ Mn 3+ O 5 ͒ with partially filled d shells. Electrons occupying these d shells can be energetically degenerate within a high site-symmetric atomic environment. Due to crystal-field effects, a deformation of this atomic environment to lower symmetry can occur which removes this degeneracy. In this case, the ion becomes a Jahn-Teller ion. 30, 31 In comparison to Mn 3+ , Mn 4+ , and Fe
4+
Jahn-Teller capable ions, the Fe atom favors a Fe 3+ oxidation state with a high-spin 3d 5 electronic configuration, which is not a Jahn-Teller ion. 30, 31 Now the question arises if JahnTeller effects influence the substitution behavior of Fe for Mn. To answer this question, the exact Wyckoff site occupied by Fe atoms within the crystal structure of YMn 2 O 5 has to be evaluated including possible disorder therein. Therefore, we have investigated a composition series of isostructural YMn 2−x Fe x O 5 compounds with x = 0, 0.5, and 1 using element-sensitive transmission extended x-ray absorption fine structure ͑EXAFS͒ and x-ray absorption near-edge structure ͑XANES͒ analysis in combination with quantum theoretical calculations within the framework of densityfunctional theory ͑DFT͒. The electronic configuration of the TM ions with respect to their local environment will be studied.
Crystal structure
The RMn 2 O 5 ͑R = Y, La, Pr, Nd, Sm-Er, Yb, Lu, and Bi͒ compounds crystallize in the DyMn 2 O 5 structure type with primitive orthorhombic space-group symmetry Pbam ͑55͒ and four formula units per unit cell. Alloying of Fe conserves the space-group symmetry. 32 For the isostructural YMn 2−x Fe x O 5 compounds, no structural phase transition or nonlinear behavior of structural parameters is observed in the range of x =0-1 at ambient conditions. 32 It is common for oxides to characterize the structure in terms of polyhedra formed by the oxygen environment of the TM atoms. For the TM atoms, two distinct Wyckoff sites ͑4f and 4h͒ exist in the unit cell: 4f ͑TM O ͒ with octahedral and 4h ͑TM P ͒ with pyramidal coordination with oxygen and formal oxidation state of +4 and +3, respectively. While the octahedra form edge-sharing chains along the crystallographic c axis, the tetragonal pyramids form units of two, connecting chains of octahedra by corners ͑see Fig. 1͒ . The Y atoms are coordinated by oxygen atoms of both these polyhedra forming distorted scalenohedra. In Table I , the occupied Wyckoff sites, site symmetries, and fractional coordinates are summarized.
II. METHODS

A. Sample preparation
Polycrystalline YMn 2−x Fe x O 5 samples with x =0-1 have been prepared by a modified citrate technique. 33 The precursor materials were obtained by dissolving the starting material, the rare-earth oxides, Fe-oxalate and MnCO 3 , in dilute HNO 3 ͑1:8͒ and citric acid ͑1:2͒. As-prepared precursors were mixed in an appropriate ratio and citric acid ͑1:4͒ was added for further polymerization. The mixture was dried at a temperature of 180°C for a duration of about 10 h where The unit cell ͑thin gray lines͒, yttrium ͑large spheres͒, oxygen ͑small spheres͒, and both transition-metal sites, TM O ͑on 4f͒ centered within the octahedra and TM P ͑on 4h͒ within the pyramids, are drawn. The structure can be described by a net of edge-sharing octahedra as well as tetrahedra stacked along the c direction, which both are corner-linked.
polymerization and partial decomposition of the organic components occur. The obtained porous x-ray amorphous gel was heated to a temperature of 600°C in air to remove all the nitrates and organic traces so that a fine powder could be precipitated. The final product was synthesized at a temperature of 900°C and 200 bar of oxygen pressure for a duration of 12 h to hold the valence of the Mn 4+ cations and to increase the reaction rate of the precursors. Polycrystalline powders obtained that way, with grain size of about 50 nm, were subjected to scanning electron microscopy and x-ray powder-diffraction analysis exhibiting a highly crystalline main phase and a small amount of additional phases with compositions Fe 2 O 3 and Y 2 O 3 in case of x = 0.5 and 1 ͑in total less than 0.3 wt. % and 8.1 wt. %, respectively͒. 32 These powders were used for EXAFS experiments. They were carefully mixed with cellulose powder in a desired ratio and pressed to pills. The amount of powder material ͑ap-proximately 64 mg and 14 mg for experiments at Y K and Mn K / Fe K absorption edges, respectively͒ was calculated in advance to yield a product · d of 1.5 ͑: absorption coefficient, d: sample thickness͒ for every absorption edge using the program XAFSMASS ͑Ref. 34͒ taking also the absorption edge energy into account. Finally, six samples ͑two samples for each composition: one for investigating the vicinity of the Y K and one for investigating the vicinity of the Mn K / Fe K absorption edge, respectively͒ were prepared for the experiments.
B. Extended x-ray absorption fine structure
The term EXAFS refers to energy-dependent oscillations of the x-ray absorption coefficient on the high-energy side of an absorption edge-the whole data set is denoted as x-ray absorption spectroscopy ͑XAS͒ data. The difference between the measured absorption coefficient and the theoretical coefficient calculated for isolated atoms is attributed to interference of the outgoing part of the wave function of an emitted electron and the part backscattered from the neighboring atoms. Using this method, the short-range order around resonantly excited atoms can be evaluated and sorts as well as positions of the neighboring atoms can be determined. Details of EXAFS theory can be found in, e.g., Lee et al. 35 For single-scattering theory, the EXAFS function ͑k͒ ͑Ref. 36͒ can be written as
with N being the number of nonsymmetry-equivalent electron-scattering paths, n j the multiplicity of scattering path j, r j half their length, k the wave number of the electron wave, D j ͑k , r j ͒ a factor accounting for inelastic losses, F j ͑k͒ the backscattering amplitude, 2 which can be interpreted in terms of a Debye-Waller factor, and j being the phase shift of the electron wave at the absorber and at the backscattering atom. In our discussion section we will refer to Eq. ͑1͒.
Structural information from the EXAFS spectra is obtained by fitting the ͑k͒ spectrum with a sum of photoelectron scattering paths using a proper starting model. The photoelectron scattering path can be either a single-scattering path, which corresponds to the direct scattering by the neighboring shell or a multiple-scattering path, which includes multiple scattering by more than one neighbor.
The EXAFS measurements were performed at beamline C ͑CEMO͒ ͑Ref. 37͒ of the Hamburger Synchrotronstrahlungslabor ͑HASYLAB͒ at Deutsches ElektronenSynchrotron ͑DESY͒ in transmission mode at a vacuum pressure of p Ͻ 10 −5 mbar at room temperature, where oxygen losses can be neglected. For selection of primary beam photon energy, a fixed-exit Si ͑111͒ double crystal monochromator 38 was employed. The energy was calibrated using different metallic foils. Primary and transmitted intensities were recorded using two independent gas ionization chambers filled with a dedicated gas mixture ͓calculated with the program XAFSMASS ͑Ref. 34͔͒. The EXAFS spectra were collected at the Y K, Mn K, and Fe K absorption edges using optimized scan parameters of the beamline software. An energy range of the exciting photons of E = 16 788-18 038 eV, E = 6400-7400 eV, and E = 6862-8112 eV ͑Y K, Mn K, and Fe K absorption edge͒ and an energy step width of ⌬E Յ 10 eV before, ⌬E = 0.5 eV in the vicinity and ⌬E = 0.5-2.5 eV above the absorption edge were applied. The respective energy step width above the absorption edge was calculated to ensure an equidistant step width in k space of ⌬k = 0.02 Å −1 for the EXAFS region of the spectra. Exemplarily, in Fig. 2 the raw data of the Y K as well as Mn K and Fe K XAS are shown. 
Prior to the quantitative analysis a data reduction in the EXAFS spectra was performed using the ATHENA software. 39 In this respect, the spectra were normalized to an edge jump of 1 and the absorption coefficient of the isolated atoms 0 ͑E͒ was extracted by fitting a cubic spline function to the data. After subtraction of the atomic background, the conversion from E to k scale was performed. The quantitative analysis, i.e., refinement, of the EXAFS data was done using the program ARTEMIS ͑Ref. 39͒ based on the FEFF 6 code. 36 Structure parameters for the starting models were taken from Ref. 32 , which have been obtained by x-ray powderdiffraction analysis of the same samples. Individual clusters of atoms were then generated from the YMn 2−x Fe x O 5 unit cell using the ATOMS program of the ARTEMIS software package 39 and taking the different sites for the core atoms into account. The distribution of Mn and Fe in the unit cell was determined by fitting a linear combination of the plausible models to the data; the sum of the coefficients was restrained to unity. For fitting the Fe/Mn EXAFS in k space as well as r space ͑r: radius͒ a k range of k =2-14 Å −1 for the Fe EXAFS and of k =2-12 Å −1 for the Mn EXAFS, respectively, and a ⌬kЈ =1 Å −1 as well as ⌬rЈ = 0.2 Å ͑pa-rameters according to Hanning, Parzen, and Kaiser-Bessel window functions, 39 where both parameters and type of window functions have negligible effects on the fit results͒ and an r range of r =1-6 Å for all samples was used. The limited k range in case of the Mn EXAFS is attributed to the appearing Fe K absorption edge and thus to a limited energy range of 570 eV ͓see Fig. 2͑b͔͒ .
In order to fit the final structure models, six free parameters were used: one for taking inelastic losses into account ͑S 0 2 ͒, three displacement parameters Y 2 , TM 2 , and O 2 , a parameter related to valence states, core relaxations and other complex effects occurring near the absorption edge energy 35 and a parameter ␦ characterizing the distribution of Mn and Fe. The parameter ␦ will be described in more detail in Sec.
III B. No parameter for path-length corrections ⌬r was taken into account since no improvement of the fit quality could be achieved. These parameters seemed to be the best compromise between small quality parameters ͑R values͒ and a limited number of refined parameters yielding the largest datato-parameter ratio and small confidence intervals.
C. X-ray absorption near-edge structure XANES spectra were extracted from the XAS data. The absorption edge energies were determined by calculating the first derivative of the XAS data and fitting the first maximum by a Gaussian profile ͑the error of such a fit was taken as the error for the absolute value of the center of the profile͒. Theoretical curves were calculated for clusters of 7 Å radius with the absorbing atom situated in the middle using FEFF 8.2 ͑Ref. 40͒ in XANES mode. Here, the scattering potential for the cluster is calculated self-consistently from first principles and a real-space multiple-scattering approach based on muffin-tin potentials is employed. Orbital basis functions up to l =3 ͑Y, Mn, and Fe͒ and l =2 ͑O͒ were applied. The core hole of the absorbing atom was included and the exchange and correlation function given by Hedin and Lundqvist 41 was applied. Scattering of x rays by the cluster was then simulated using a real-space Green's-function method, 42 which results in the calculation of the energy-dependent absorption coefficient ͑E͒. As stated before, structure data from Ref. 32 were used in the calculation of the cluster geometry with the program ATOMS from the ARTEMIS package. 39 Unlike in a standard FEFF calculation, the crystallographically different sites of the same element were treated independently to exploit the different charges at the Mn sites. Polarization effects on the data were not accounted for since the measurements were carried out on powder samples with crystallites of random orientation. We did not consider atomic displacements in terms of a Debye-Waller factor since these effects are small in the absorption near-edge region.
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D. Density-functional theory
DFT band-structure calculations with the all-electron fullpotential local orbitals code FPLO ͑Ref. 44͒ were employed to calculate total energies and electron densities of states with the exchange and correlation potential by Perdew and Wang 45 in a scalar-relativistic formalism. The structural unit cell studied here comprises 32 atoms and contains three dif- ferent metal coordination polyhedra in up to four different spatial orientations. The structure data were taken from Ref. 29 consistent with the data of Ref. 32 . The magnetic unit cell, not studied here, is at least twice as large as the structural one, hence one may assume that the structural unit cell is dominated by crystal-field effects. To investigate this assumption, on-site effects such as atom size and crystal field in the different coordination polyhedra were separated computationally from the more complex intersite magnetic coupling between the different transition-metal sites in adjacent polyhedra. For this purpose the band-structure calculations were augmented by an analysis based on cluster models. Such calculations, performed in large supercells with otherwise identical numerical settings, allow a site-, symmetry-, charge-, and element-resolved analysis of the crystal-field interactions and local magnetic moments without the need for treating the more complex magnetic interactions. They are very helpful for the interpretation of the complex results of band-structure calculations and give an insight into the electronic structure from a local-more chemical-point of view.
III. RESULTS
A. EXAFS data
We want to start with the results of the experimental findings. High-quality EXAFS data were collected for all samples. Figure 3 summarizes the extracted EXAFS functions ͑k͒, weighted with the square of the wave number k 2 , of all samples and absorption edges. For the Y K EXAFS function ͓Fig. 3͑a͔͒ no systematic variation in the data with respect to the Fe content x can be seen. Nevertheless, small differences in the low-k regions occur. In Ref. 32 it was reported that the Y-O scalenohedra get more and more distorted with growing x. This results in a greater variance of Y-O distances. So it was expected that the Y K EXAFS for x = 1 exhibits a higher damping of the oscillation amplitudes compared to the other samples, i.e., the sample with x =0. Indeed, this trend is discernible in Fig. 3͑a͒ . Concluding, the Y K EXAFS data are not appropriate for elucidating the position of Fe within the unit cell. In Fig. 3͑b͒ all three Mn K EXAFS functions are shown. Here significant and systematic differences can be seen. The signal enhances with x ͑a decrease in oscillation damping from x =0 to x =1͒ as was expected from a decreasing distortion of the TM P -O and TM O -O polyhedra. 32 Therefore, we can assume that these spectra are appropriate for Fe localization. Regarding the Fe K EXAFS functions in Fig. 3͑c͒ , only minor differences in the high-k region can be found. Fourier analysis of this region shows that the differences can be attributed to path lengths of 3-4 Å. Since there are only small differences between the two EXAFS functions, one can already assume that Fe is located at the same site for both samples. Figure   FIG. 3 . ͑Color online͒ Extracted experimental EXAFS functions ͑k͒ of the investigated samples weighted by k 2 are shown for ͑a͒ the Y K, ͑b͒ the Mn K, and ͑c͒ the Fe K absorption edge. In ͑b͒ a systematic variation in the curves with composition x can be seen. In ͑d͒ a comparison of the Fe K and Mn K EXAFS function for the YMnFeO 5 sample is shown, indicating that no statistical distribution ͑see text͒ of Mn and Fe over both Mn sites ͑TM O , TM P ͒ exists. 3͑d͒ illustrates the difference between Fe K and Mn K EX-AFS showing that there are significant differences between the local structure of Fe and Mn atoms. We will refer to this aspect in Sec. IV A.
B. XANES data
High-quality XANES spectra were obtained for all atomic species. Comparing all spectra, in particular, the absorption edge energies, rather small differences within 2 ͑: error͒ were found for the Y K and Fe K XANES as can be seen from Table II and Fig. 4͑b͒ . Nevertheless, for their edge energies ͑E͒ a decreasing trend with increasing Fe content is observed: ⌬E = 0.3͑2͒ eV for the Y K and ⌬E = 0.5͑3͒ eV for the Fe K edge energy. In case of the Mn K XANES ͓see Fig. 4͑a͔͒ , a shift of the absorption edge energy to higher values can be seen with increasing Fe content x. This shift amounts to ⌬E = 1.56͑40͒ eV between the Mn K edge energies of compositions x = 1 and x =0.
C. DFT calculations
Spin-polarized band-structure calculations of the full structural unit cell yield a preference for Fe at the pyramidal site which amounts to 0.2 eV per Fe atom for the experimental structure YFeMnO To address the above conclusions a cluster-based analysis of the local interactions was carried out with the coordination polyhedra of the full experimental structure as smallest model clusters. Assuming formal ionic charges for all ions in the TM-O polyhedra, i.e., TM 3+ , TM 4+ , and O 2− , the resulting cluster models are TMO 5 6−/7− for the pyramidal site and TMO 6 8−/9− for the octahedral one. The embedding crystal potential, which compensates those charges in the extended crystal, is accounted for by applying a fixed charge to the cluster. The oxygen positions were kept fixed and the position of the TM atom was varied along the high-symmetry line, which connects TM and apex atom of the pyramid or TM and one of the apex atoms of the octahedron, to find the total-energy minimum ͑see Table III͒ . For the octahedron, the displacement of the TM ion toward an apex oxygen atom is unfavorable for all TM ions. In contrast, the TM position within the pyramid is sensitive to the formal charge and the type of the ion.
The displacements away from the experimentally observed position ͑in YMnFeO 5 ͒ of the TM in the pyramid are largest for the principally Jahn-Teller active ions Fe 4+ and Mn 3+ whereas the Mn 3+ relaxes toward its experimentally observed position in YMn 2 O 5 . Hence, the present cluster cal- 4 . ͑Color online͒ Experimental XANES spectra at ͑a͒ the Mn K and ͑b͒ the Fe K absorption edge of all investigated samples are depicted. The Mn K edge inflection points are marked by " ‫ء‬ " in the inset in ͑a͒ ͑error bars are indicated͒, which shows a magnified region of the spectra. A systematic increase in E͑Mn K͒ with x is observed whereas for the Fe K XANES no changes can be seen.
culations reproduce the variation in this position between the x = 0 and x = 1 compounds, although the coordinates of the oxygen atoms of the pyramid are fixed at the values of the x = 1 compound.
As only one TM site is present in each of the model clusters, the magnetic moments were directly obtained from the spin-density differences ͑see Table III͒ , and the preferred spin configurations were investigated by setting the total spin polarization as boundary condition. In general, the high-spin states are lower in energy by 0.2 eV than the low-spin configurations except for the Fe 4+ ion within the octahedron. Furthermore, total-energy differences allow to deduce ͑i͒ which formal oxidation states occur at the two sites and ͑ii͒ which atom prefers which site. To answer the first question, the energy differences ⌬E were evaluated, which compare the two combinations
͑2͒
The differences obtained are ⌬E = 11.2 eV for Mn at the pyramid position and ⌬E = 12.4 eV for Fe at the pyramid position. These results support the Madelung argument that the higher coordinated TM ion in the octahedron exhibits a higher formal oxidation state than the less coordinated site within the pyramid. The large energy difference indicates that the ion combinations with the reversed oxidation states ͑TM O 3+ and TM P 4+ ͒ can be neglected. Then, the second question can be answered by calculating the energy difference
which is 1.0 eV in favor of Fe 3+ within the pyramid.
IV. DISCUSSION
A. Preliminary considerations
Before we start to analyze our experimental data quantitatively, we want to do some preliminary considerations. In the following, we will discuss the possible situations for probable substitution positions of Fe in YMn 2−x Fe x O 5 and, in particular, the influence of the chosen site for Fe on the EX-AFS spectra. Let us first consider the following three simple alternative assumptions for the distribution of Mn and Fe in the unit cell: ͑A͒ Fe and Mn are distributed statistically to an equal amount ͑and homogeneously across the sample͒ on both Wyckoff sites TM O and TM P . ͑B͒ Fe is located completely on position TM O and Mn on TM P . ͑C͒ Fe is located completely on position TM P and Mn on TM O .
For the quantitative examination, a more general model will be used at the end: ͑D͒ Fe is distributed inhomogeneously over both Wyckoff sites ͑including antisite disorder͒.
Furthermore, let us consider the theoretical backscattering amplitudes of the atoms, the phase shifts of the emitted photoelectron waves for those elements acting as absorbers of x rays ͑emitters of photoelectron waves͒ as well as the phase shifts of the photoelectron waves for those elements acting as backscatterers. 46 The comparison of these theoretical data yields the following important aspects for the interpretation of the EXAFS spectra: ͑i͒ Mn and Fe backscattering amplitudes as well as the phase shifts are almost identical and ͑ii͒ the influence of Y and O can be well separated in the EXAFS spectra. Hence, in case of Y as absorbing atom, one cannot distinguish between Fe and Mn, independent of which is acting as backscattering atom in a scattering path. Additionally, the same holds for Fe being the absorbing and Mn the scattering atom and vice versa. This explains why the Y K EXAFS spectra do only slightly differ, presumably due to different atomic distances. Nevertheless, it remains possible to distinguish between Fe on TM O or TM P site since the particular sites have a significantly different atomic environment. It is worth to point out that due to this fact one can use the EXAFS measurement to supplement a standard x-ray diffraction experiment ͑that cannot resolve which site is occupied by which TM͒. As expected, the contributions of Y and O atoms as well as Fe/Mn to the EXAFS signal can be well separated. 46 Let us now consider the possible situations for the distribution of Fe on both TM sites existing in YMnFeO 5 in a simplified and rather schematic manner. ͓For quantitative analysis we used the real cluster models generated from the unit cell of YMn 2−x Fe x O 5 ͑Ref. 32͔͒. Due to the electronic structure of Mn/Fe only the situations depicted in Fig. 5 are taken into account. In ͑a͒-͑c͒ the situations for Mn as absorbing atom and in ͑d͒-͑f͒ those for the Fe atom are shown. In accordance with Eq. ͑1͒ the EXAFS signal can be described by superposition of subsignals. The exact coefficients that weight the individual subsignals ͑a͒, ͑b͒, and ͑c͒ as well as ͑d͒, ͑e͒, and ͑f͒, respectively, can be derived by combinatorial considerations. Based on the assumption that the occupation of the TM P site does not depend on the occupation of the TM O site, all probabilities to find the above cases ͑a͒-͑f͒ can be expressed by a product of two independent probabili- ties ͑e.g., the probabilities that the TM P or TM O sites are occupied by Fe͒. However, on the macroscopic scale one knows the ratio n Fe : n Mn = x : ͑2−x͒ of the numbers of Fe and Mn atoms, respectively. With this restriction, all probabilities can be expressed by only one appropriately chosen free parameter. In the present work, the parameter was chosen to coincide with the probability ␦ to find Fe on the TM P site.
Since this parameter incorporates the distribution of Fe and Mn on the two possible sites, it is the most interesting parameter in the fits of the EXAFS data. From ␦, the weighting coefficients of the individual models can be determined and taken into account by the S 0 2 parameter ͓being D j ͑k , r j ͒ in Eq. ͑1͔͒ of the ARTEMIS program. Now we want to consider case ͑A͒. The Fe K EXAFS signal will then be a superposition of both, Fe on TM P and Fe on TM O site. In case of Mn as the absorbing atom, the situation is exactly the same. Figure 5 schematically visualizes this situation. For the Mn K EXAFS signal the three situations ͑a͒-͑c͒ of Fig. 5 contribute to the signal, the Fe K EXAFS consists of contributions ͑d͒-͑f͒, respectively. Regarding the indistinguishability of Fe and Mn the situations ͑a͒ and ͑e͒, ͑b͒ and ͑d͒ as well as ͑c͒ and ͑f͒ are pairwise equivalent and will provide indistinguishable Fe K and Mn K EXAFS signals. Considering this, one can show that, as a first approximation, there is no difference in the ͑k͒ functions ͑EXAFS signals͒ corresponding to situations ͑a͒ and ͑e͒, ͑b͒ and ͑d͒ or ͑c͒ and ͑f͒.
Using the probabilities of Fig. 6 , the Mn K EXAFS signal can be written in the following form:
and for the Fe K EXAFS signal,
Since situations ͑a͒ and ͑e͒, ͑b͒ and ͑d͒, and ͑c͒ and ͑f͒, respectively, are pairwise equivalent and ͑a͒ and ͑d͒ as well as ͑b͒ and ͑e͒ represent the same unit cells, Eq. ͑5͒ changes to
Finally, we consider the EXAFS signal for the sample with x =1 ͑YMnFeO 5 ͒. Here p MM and p FF as well as p MF and p FM are the same and we find
͑7͒
Hence, if the assumption ͑A͒ is correct, the Fe K and the Mn K EXAFS signals would be identical for x = 1. Taking Fig. 3͑d͒ into account we can conclude that case ͑A͒ was not observed since both EXAFS curves are significantly different. Thus, assumption ͑A͒ will be neglected in the following. These considerations have shown that Fe and Mn atoms prefer a certain ordering within the unit cell rather than a random distribution. A more quantitative analysis with respect to cases ͑B͒, ͑C͒, and ͑D͒ will be given in the next section. The same equations ͓Eqs. ͑4͒ and ͑5͔͒ can be used whereas the coefficients for a certain distribution of Mn/Fe atoms can be determined from the parameter ␦. Therefore, cases ͑B͒ and ͑C͒ are characterized by ␦ = 0 and ␦ = 1, respectively, and case ͑D͒ by ␦ ͑0,1͒.
B. Quantitative analysis of EXAFS data
At first the assumptions ͑B͒ and ͑C͒ were tested separately using different models ͑including cluster sizes͒ and a certain number of different refined parameters ͑for instance, lattice parameters, Debye-Waller factors or certain constraints͒. It turned out that assumption ͑C͒, Fe on position TM P , gave always much better fit qualities independent of the amount of refined parameters N p . The R values are half the values of assumption ͑B͒ as can be seen in Table IV . Due to the low R values of about a few percent it can be expected, that Mn and Fe are distributed accordingly.
After this rather simple approach much more complex models were tested: a total of approximately 100 single and approximately 100 multiple-scattering paths generated from clusters with radii of about 6.5 Å were considered. The best fits to the data can be found in Fig. 7 . The corresponding refined parameters are listed in Table V .
The fits are in rather good agreement with the experimental data, for the Mn K EXAFS as well as for the Fe K EX-AFS data, although no structural parameters were refined.
Even though the distribution parameter ␦ was refined ͓as-sumption ͑D͔͒ for every data set ͑see Table V͒, its value resulted in unity with respect to the estimated standard deviations esd ͑these values are given in brackets in Table V͒ supporting model ͑C͒. It can be seen that the fits of the Fe K EXAFS provided much more reliable results ͑lower values of R and esd͒. This is attributed to the increased number of data points ͑see Sec. II B͒ providing a better data-toparameter ratio. In Fig. 7͑b͒ , the interpolation of the experimental data of samples with x = 0 and x =1 ͓1 / 2· YMn 2 O 5 ͑k͒ +1/ 2· YMnFeO 5 ͑k͔͒ as well as the residual between both curves are shown. An excellent agreement can be noticed, which suggests a linear behavior of the structural changes with increasing the Fe content.
Since in Ref. 32 a shifting of the TM P site toward the apex of the pyramid was observed with increasing Fe content, the idea arose that a site splitting might exists for low Fe concentrations, e.g., two different atomic environments ͑one for Mn at TM P and the other for Fe at TM P ͒ rather than a mean environment. We tried to address this assumption using additional refinements. No lower R values were obtained, instead, nonphysical atomic coordinates due to parameter correlation effects and, at the same time, too large esd restricted the reliability.
We also tried to inspect the influence of an additional crystallographic phase content observed in Ref. 32 , i.e., Fe 2 O 3 . Taking the additional phases into account, no significant improvements of the fits were observed and very large esd of the parameters were obtained. Hence, it was not possible to observe an influence of such additional phases on the EXAFS signal, probably due to the small contributions of these phases.
In conclusion, based on EXAFS analysis we have shown that Fe favors the TM P site. This is not unexpected since the formal average charge of this position is determined to be +3 ͑+4 for the TM O site͒ and the Fe atom itself favors the oxi-TABLE IV. Quality parameters ͑R values͒ with respect to the number of free parameters N p refined against experimental data of sample YMnFeO 5 . The structure models were tested separately with respect to assumptions ͑B͒ and ͑C͒. It can be seen that assumption ͑C͒, at which Fe is located on position TM P , gave always much better fit qualities. dation states +2 and +3. Mn on the other hand favors the oxidation states +2, +4, +6, and +7 ͑Ref. 39͒ so that the Mn atom prefers the TM O site.
Specific results of the EXAFS analysis are: ͑i͒ assumption ͑A͒, that Fe and Mn are distributed randomly, is unlikely because otherwise the Fe K and the Mn K EXAFS would be nearly equal for the x = 1 sample and this is not the case, ͑ii͒ assumption ͑B͒, that Fe is located completely on position TM O and Mn on TM P , resulted in large R values, even with a large number of free parameters, and can therefore be excluded, ͑iii͒ assumption ͑C͒, that Fe is located completely on position TM P and Mn on TM O , is the most favorable result, since also ͑iv͒ assumption ͑D͒, that Fe is inhomogeneously distributed over both sites, is pointing at a maximal occupancy of the TM P site by Fe atoms ͑best fit qualities and ␦ is equal to unity͒.
Since the Fe K absorption edge is only 570 eV above the Mn K edge, the EXAFS oscillations corresponding to the Mn K edge are still present in the Fe EXAFS data. Therefore, the data points beyond the Fe K absorption edge can be attributed either to photoelectrons from Fe or Mn atoms with different kinetic energy and thus different k values. So, Fe EXAFS oscillations are superposed by oscillations corresponding to the Mn EXAFS with a higher k value. For large k, the ͑k͒ signal is modulated by a power function y = ck b with c being a constant and b Ϸ −3.3, which is due to the asymptotic behavior of the reflection amplitudes according to McKale et al. 46 and the overall factor of 1 / k on the EXAFS function ͓Eq. ͑1͔͒. Using such a function to approximate the Mn ͑k͒ EXAFS function in the region of Fe ͑k͒, one can reasonably estimate the amount of perturbation in the Fe EXAFS due to this effect. For k =2 Å −1 in the Fe EXAFS, this gives an amount of approximately 1% but for k =14 Å −1 the perturbation is in the order of approximately 28% of the Fe EXAFS signal. This one has to keep in mind concerning the accuracy of EXAFS results. Also, this could explain minor differences between experimental data and corresponding simulations for the Fe EXAFS at high-k values.
C. XANES interpretation
As we found a significant shift of the Mn K absorption edge energy ͓see Fig. 4͑a͔͒ to higher energies with increasing amount of Fe within the crystal structure, we now want to give a theoretical basis for this observation.
Considering the occupancy of the different TM sites we calculated two different XANES spectra: ͑i͒ for the octahedrally and ͑ii͒ for the pyramidally coordinated TM atom, respectively. In case of the YMn 2 O 5 and the YMnFeO 5 , the data of both environments with the particular TM were merged. These spectra are shown in Fig. 8͑b͒ . To account for a constant energy shift, which is known to be inherent to the theoretical data calculated by the FEFF program, the energy scale was shifted by −5.54 eV with respect to the experimental spectrum of YMn 2 O 5 so that both spectra are congruent. Since the FEFF program is not able to calculate core-level shifts in the initial state, the Fermi levels ͑corresponding to the threshold for transitions͒ should be at the same energy in the calculated spectra, another shift of 0.38 eV was applied to the calculated Mn K XANES with Mn on the TM P site. This is exactly the difference of the muffin-tin potential zero energies and the Fermi-level energies of the calculated spectra.
Comparing the theoretical spectra ͓Fig. 8͑b͔͒ with the experimental ones ͓Fig. 8͑a͔͒, an excellent agreement can be found including the shifting of the Mn K absorption edge energy to higher values and the enhancement of the whiteline region upon increasing the Fe content. We have to note that the values for the absorption edge energies calculated by the first derivative yielded a rather small energy difference of 0.46 eV. Nevertheless, the maximum energy difference between both spectra is 1.27 eV ͓marked in Fig. 8͑b͔͒ which is close to the experimental value. An estimation of ␦, taking the energy shift and its esd into account, yields ␦ Ն 0.96. We therefore assume that the Fe atoms occupy exclusively the TM P site, thereby confirming the EXAFS results. Similar shifts of the TM K absorption edge in dependence on the TM concentration have also been observed by, e.g., Sikora et al. 47 on LaMn 1−x Co x O 3 and Haas et al. 48 on LiFePO 4 . Due to the selection rules for transitions induced by photon scattering, the absorption increase at a K edge is mainly caused by electronic transitions from core 1s states of the absorbing atom to its unoccupied p states, in particular, the 4p states of Mn and Fe, respectively. The latter states are nonlocal, spatially distributed states. In case of the oxides discussed, the density of states ͑DOS͒ for the final states in the first 10 eV above the Fermi level, the pre-edge region of the recorded XANES spectra, is comparatively low ͓Fig. 8͑c͔͒. Thus, we conclude from the experiments that those states should differ in energy. Since they are widely extended in space, this energy difference is likely to be related to the Coulomb repulsion from the surrounding oxygen atoms. In that case, the Mn on the TM O site will experience stronger repulsion by its six oxygen neighbors than the TM P site with five neighbors. This can explain the observed shift of the Mn absorption edge to higher energies, in case only the octahedrally coordinated site TM O is occupied by Mn atoms.
Regarding the pre-edge region of the XAS data, valuable information can be extracted from fitting the occurring preedge features. Therefore, we followed the method described in Refs. 49 and 50 and used three Pseudo-Voigt functions ͑plus a background function consisting of two additional Pseudo-Voigt functions͒ to describe the Mn and Fe pre-edge regions. Width and Gauss-Lorentz ratio were constrained to a common value for all pre-edge peaks whereas areas and energy positions were independent. Fitting results are exemplified in Fig. 9 . Comparison of the Mn centroid positions with data from Ref. 51 provides oxidation numbers that agree well with the nominal values computed from the composition of the respective compounds ͑see Table VI͒. Furthermore, the total area of the pre-edge peaks is a measure of the symmetry of the coordination polyhedra surrounding the scattering Fe and Mn atoms, respectively. Lower intensity, i.e., area, relates to higher symmetry and vice versa. Thus, the computed Mn total area values ͑see Table VI͒ give an increasing symmetry in the sequence of increasing Mn valence. This is in excellent agreement with the respective structures determined in Ref. 32 .
No significant change is observed for centroid ͓⌬E = 0.00͑7͒ eV͔ and total area of the Fe pre-edge features ͓see Fig. 9͑b͔͒ . Again, this is in agreement with the presented structure solutions because Fe coordination and oxidation state remain unchanged in the investigated compounds.
Summarizing the XANES analysis, we could clearly show that the differences within the Mn K XANES spectra in dependence on x can be attributed to the different environment of the TM atoms. This is due to the change in their individual contributions to the average XANES signal, i.e., by lowering the Mn occupancy at the TM P site with increasing the Fe content x. For x = 1, a maximal occupancy of the TM P site by Fe atoms was obtained. Furthermore, an increasing oxidation number of Mn from +3.5 to +4 as well as an unchanged oxidation state of Fe was determined.
D. DFT interpretation
As shown by the experiments and evaluated by DFT calculations ͑Sec. II D͒ Fe favors the TM P site in the YFeMnO 5 structure and prefers a formal oxidation state of +3, whereas the TM O position is predominantly occupied by Mn 4+ . The large energy difference between a "disordered" Mn-Fe dis- FIG. 9 . ͑Color online͒ Fits of Mn K ͑left͒ and Fe K ͑right͒ pre-edge regions of XAS data using three Pseudo-Voigt peak functions. Fitting results for Mn are given in Table VI. tribution and the more stable "ordered" Mn-Fe one ͑⌬E =1 eV͒ allows for only a small amount of such disorder. An analysis of the density of electronic states helps to elucidate the electronic origin of this preference. supports the calculation of site and angular momentum ͑l and m͒ resolved DOS by projection onto realspace spherical harmonics. An orthogonal coordinate system ͑x , y , z͒ centered at the projection site is chosen such that the z axis is aligned with the high-symmetry line to the apex atom͑s͒ of the TM coordination polyhedra, and the x and y directions are aligned to high-symmetry directions in the plane perpendicular to z. As the cluster calculation does not make use of periodic boundary conditions the DOS shows the pure crystal-field splitting of the metal 3d orbitals without dispersion. In the corresponding figures ͑see below͒, the orbital energy levels are broadened by applying a Fermi broadening with an electron temperature of 100 K.
As discussed above ͑Table III͒, the TM P ͑Fe 3+ ͒ position differs from TM P ͑Mn 3+ ͒ while TM 4+ is always centrally located inside the octahedron. A crystal-field consideration can explain this finding for the pyramid: for both ions the exchange splitting dominates the crystal-field splitting. In high-spin Mn 3+ only four local d orbitals are occupied. The d x 2 −y 2 orbital, which most strongly interacts with the oxygen neighbors of the basal plane, is unoccupied here. Hence, the position close to the basal plane is more favorable for Mn 3+ . In contrast, for the Fe 3+ ion all d orbitals are occupied with one electron each. Under this condition, the repulsive interactions between the singly occupied Fe d levels and the negatively charged O sites are reduced if Fe is shifted away from the basal plane toward the center of the pyramid. There, four of the five oxygen neighbors are nearly equidistant and only one unfavorably short TM-O bond occurs. In the case of the Fe atom, the energy gained by this displacement ͑calcu-lated from the total-energy difference for both positions͒ amounts to 0.14 eV. When the local DOS of Fe at the pyramid site is closely inspected ͓see Fig. 10͑a͔͒ a rather 4+ two possible electronic configurations exist. In a high-spin configuration, the t 2g orbitals are singly occupied and the remaining electron is shared among the e g orbitals. In the low-spin case, preferred here, the e g manifold is empty and four electrons are distributed in the three t 2g orbitals. In the local DOS for the lowspin case ͓Fig. 10͑b͔͒, this causes the Fermi level to pass through the t 2g orbitals. This situation would in general cause a Jahn-Teller distortion of the environment resulting in a reduction in symmetry. This means that the experimentally observed polyhedron would not be stable against distortion if Fe 4+ were located in the center. Hence, both the crystal-field energy ͑high-spin case͒ and the intra-atomic exchange interaction ͑low-spin case͒ prevent the incorporation of Fe 4+ within the octahedron. Thus, the present crystal-field analysis yields a clear preference for Mn 4+ at the octahedral site and Fe 3+ at the pyramidally coordinated site.
V. CONCLUSION
The Mn, Fe, and Y local structures in the multivalence YMn 2−x Fe x O 5 series are investigated by x-ray absorption spectroscopy, i.e., EXAFS and XANES, respectively. A site selective substitution behavior with the non-Jahn-Teller ion Fe 3+ , conserving the orthorhombic space-group symmetry, is verified. The systematic evolution of EXAFS spectra with x is observed only for the Mn K absorption edge. For the Y K as well as for the Fe K edge, no significant differences and rather equal spectra are found. The same observations as for the EXAFS spectra are made for the XANES spectra.
We can clearly identify the Wyckoff site 4h ͑TM P ͒ as the site at which the Fe atoms with oxidation number +3 are incorporated. This is possible since two different electronic environments for the TM atoms exist in the unit cell. As a result, ͑100Ϯ 3͒% of the Fe atoms occupy the pyramidally coordinated TM site in case of the sample with x = 1. For lower Fe content ͑x = 0.5͒, it could be shown that ͑100Ϯ 6͒% of the Fe atoms available are located at the pyramidally coordinated TM site. Thus, we suggest a linear behavior of the Fe content x and the occupation of the TM P site by Fe atoms ͑instead of Mn͒ verified by a dedicated interpolation. Congruent with the oxidation state of the Fe atoms an increase in the oxidation number of the Mn ions with growing x is determined quantitatively.
In accordance with the selection rules for dipole transitions, the contributions to the change in the XANES spectra are attributed to the TM 1s-4p transitions. Multipole transitions were tested but their contributions to the Mn K XANES are not significant so that these transitions turned out to be unlikely.
From our investigations, site disorder, as it is reported by Muñoz et al. 29 and de la Calle et al., 27 seems to be very unlikely for our samples. Nevertheless, a 3% disorder of Mn/Fe atoms for the composition x = 1 cannot be excluded taking our esd into account.
The DFT calculations presented justify the assignment of the TM ion with +4 oxidation state to the octahedral and the TM ion with +3 oxidation state to the pyramidal environment. From the local DOS of the TM ions inside the octahedron a nearly undistorted cubic crystal-field splitting of the 3d states is found. Because Mn 4+ with its three localized 3d electrons fits well with the threefold degenerate t 2g states of the cubic crystal field, Fe is favorably incorporated within the pyramidal environment.
The experimentally observed distortion of the pyramid due to Fe incorporation is attributed to crystal field rather than specific Jahn-Teller effects. Concerning the octahedron a Jahn-Teller-type distortion is also excluded since Mn 4+ exhibits an unoccupied d x 2 −y 2 orbital. Hence, a distortion of the octahedron is not favored by this type of ion. Therefore, the present distortions are attributed to the complex crystal structure and secondary-order effects. In summary, the structural complexity observed for the YMn 2−x Fe x O 5 system cannot be attributed to the presence of Jahn-Teller distortions. Instead, one has to take the magnitude of the individual contributions of all the interactions into account. ion inside the pyramid and ͑b͒ the Fe 4+ and Mn 4+ ion inside the octahedron, respectively. The atomic coordinates of Fe ͓in ͑a͔͒ were taken from the DFT calculations whereas for the other one they were adopted from the experimentally determined structure data of YFeMnO 5 ͑Ref. 32͒. is the chemical potential which at 0 K corresponds to the Fermi level. A strong splitting of the orbital energies of the Fe 3+ ion inside the pyramidal environment can be seen ͑a͒. If a Fe 4+ ion would be incorporated within an octahedron this would result in a Jahn-Teller distortion not observed by the experiments.
